Genetic linkage studies have implicated at least two loci for X-linked retinitis pigmentosa (XLRP) on proximal Xp. We now report a defined genetic localization for the RP2 locus to a 5-cM interval in Xp11. 3-11.23. Haplotype analysis of polymorphic markers in recombinant individuals from two XLRP families has enabled us to identify DXS8083 and DXS6616 as the new distal and proximal flanking markers for RP2. Using STS-content and YAC end-clone mapping, an -1.2 Mb YAC contig has been established encompassing the proximal RP2 boundary and extending from TIMP1 to DXSI240 in Xpll.23. Several ESTs have been positioned and ordered on this contig, one of which is novel to the region, identified by sequence data-base match to a physically mapped YAC insert terminal STS. Integration of the genetic and physical data has placed four retinally expressed genes proximal to DXS6616, and thereby excluded them from a causitive role in RP2. This work now provides a much needed focus for positional cloning approaches to isolation of the defective gene.
Retinitis pigmentosa (RP) is a group of hereditary progressive retinal degenerations characterized by night blindness, visual field impairment, and degenerative pigmentary changes in the retina. RP exists as autosomal dominant, autosomal recessive, and X-linked forms and displays considerable genetic heterogeneity with at least 15 distinct loci so far assigned to human chromosomes (for review, see Dryja et al. 1995) . X-linked retinitis pigmentosa (XLRP) is the most severe clinical form, accounting for 7-30% of all cases, depending on the population studied, with an incidence of-1:20,000 (Jay 1982; Heckenlively 1983) . Male XLRP patients generally develop concentric visual field loss before the 20th year of life leading to severe visual handicap by the age 6Corresponding author. E-MAIL ahardcas@hgmp.mrc.ac.uk; FAX 44-171-608-6863.
of 40 (Bird 1975) . Female carriers show variable symptoms of the disease on ophthalmological testing, with visual impairment usually beginning in middle age, although absence of ocular abnormalities does not exclude the carrier state (Arden et al. 1983) .
In the absence of functional clues as to the pathophysiology of XLRP, positional cloning strategies have been adopted to isolate the defective genes. Following the first genetic linkage of an RP gene (designated RP2) to Xp11.3 in a panel of British families (Bhattacharya et al. 1984) , subsequent genetic analyses have indicated the existence of at least three other XLRP loci (RP3, RP6, and RP15) located more distally on Xp Ott et al. 1990; Teague et al. 1994; McGuire et al. 1995) and the fact that the disease in some families maps to none of these locations suggests the possibility of even more XLRP loci (Aldred et al. 1994) . As evidence for RP6 is to date only statistical (Ottet al. 1990) , and RP15 has been demonstrated in only one family (which is reported as a cone-rod degeneration; McGuire et al. 1995) , the majority of XLRP families fall into the categories of RP2 or RP3.
The ability to distinguish between RP2 and RP3 is dependent on the detection of crossovers dissecting the target region by genetic linkage/ haplotype analysis, attributable to the lack of reliable clinical differences between the two disease entities (Wright et al. 1991 ). The clustering of XLRP genes on proximal Xp makes such genetic distinction of XLRP families difficult; however, from cumulative genetic data it appears that RP3 predominates in British and American families Ott et al. 1990; Teague et al. 1994) .
Precise localization of the RP3 gene to Xp21.1 by genetic linkage analysis has been augmented by the molecular genetic analysis of RP3 patients with submicroscopic DNA deletions, confining RP3 to a 530-kb stretch of DNA flanked by genetic markers OTC and DXS1110 (Roux et al. 1994) . The focusing of efforts afforded by the identification of M.O., a male RP patient harboring a 75-kb deletion within the RP3 critical region, has recently led to the isolation of a gene (RPGR) in which mutations account for XLRP in a proportion of RP3 patients (Meindl et al. 1996) .
The RP2 gene has remained broadly localized to an M3-CM interval in Xp11.22-11.3 flanked by DXS7 and DXS255, owing to a lack of recombination events in the critical region (Friedrich et al. 1992; Wright et al. 1991) and no detectable disease-associated deletions. Various multipoint and heterogeneity analyses further suggest different locations for the RP2 gene within this interval (Xp11.23; Teague et al. 1994; Xp11.22; Bergen et al. 1995) . Narrowing of the RP2 region will improve reliability of carrier detection and may facilitate characterization of the gene and its mutations and help resolve the issue of clinical and genetic heterogeneity.
We present here two XLRP families in which the gene responsible is consistent with an RP2 location, and where key recombinants have been identified that define both the proximal and distal boundaries of the RP2 critical interval within each family. Integration of the genetic and physical maps of the region has led to the exclusion of several retinally expressed candidate genes located in Xp11.23, and the degree of refinement now renders the construction of a physical contig spanning the RP2 critical region, and isolation of candidate transcripts therein, a more manageable task.
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RESULTS
Haplotype Analysis
Key recombination events within families NRP and F72 are shown in Figure 1 . No deletions were detected using the 19 microsatellites listed.
Family NRP
In family NRP (Fig. la) individual V-l, an affected male, is a recombinant with respect to his carrier mother IV-1 between markers MAOB and DXS1055. The phase of the maternal alleles was established firmly from analysis of two obligate carrier sibs (IV-2 and IV-3) who share the mother's affected haplotype. This crossover defines the distal boundary of the XLRP interval, with the disease-associated haplotype located proximal to MAOB, providing firm evidence for RP2 segregating in family NRP. A similar crossover is seen in individual III-4, a carrier female who has inherited her mother's affected chromosome proximal to MAOB and passed this recombinant chromosome onto her affected son IV-7. The phase of the alleles in II-2 could be clearly deduced from the haplotypes of her affected sons III-3 and III-6, assuming crossover minimization.
The proximal boundary of the RP2 interval is defined by an inferred crossover in individual IV-4 between markers DXS1055 and DXS6616, which has been transmitted to her affected son V-3. It is assumed that this recombination event occurred in individual III-2, as individual IV-5 has the same affected haplotype as her maternal uncle III-1 (as seen in his daughters IV-l, IV-2, and IV-3). The disease-associated haplotype in individuals IV-4 and V-3 is therefore located distal to DXS6616. A crossover event in individual III-5 provides additional support for the location of the XLRP gene in this family. This affected male is a recombinant with respect to his carrier mother II-2 between markers DXS6616 and DXS6941, with the disease-associated haplotype located distal to DXS6941.
In summary, key recombination events in family NRP are consistent with RP2 segregation, and indicate an RP2 critical region flanked by MAOB (Xp11.3) and DXS6616 (Xp11.23).
Family F72
In family F72 (Fig. lb) individual II-5 is a recombinant with respect to his carrier mother I-1 between markers DXS8083 and DXS1003. The phase of the maternal alleles was deduced from the haplotypes of her phase-known unaffected and obligate carrier daughters. The diseaseassociated haplotype in affected male II-5 is located proximal to DXS8083, confirming the segregation of RP2 in this family, and providing a new distal flanking marker for the RP2 critical region.
A recombination event in individual III-1, an unaffected male, defines the proximal boundary of the RP2 interval in family F72. A crossover has o c c u r r e d b e t w e e n m a r k e r s DXS6616 a n d DXS6941, positioning the disease-containing interval distal to DXS6941. The phase of the maternal alleles was firmly established from analysis of the grandparental genotypes.
The crossover data clearly defines F72 as an RP2 family, with the disease gene critical interval flanked distally by DXS8083 (Xp11.3-11.23) and proximally by DXS6941 (Xp11.23).
YAC Contig Construction; Generation and Physical Ordering of Sequence-tagged Sites in Xpll.23
Sequence-tagged site (STS)-content mapping of yeast artificial chromosomes (YACs) identified
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Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genome.cshlp.org Downloaded from using markers from Xp11.23 established a contig spanning -1.2-Mb (based on the additive size of m i n i m a l tiling p a t h YACs) from TIMP1 to DXS1240 (Fig. 2 ). YACs were initially isolated from the library by PCR screening using markers DXS426, ZNF81, MG61, DXS722, and GATA1.
STSs were derived from the left and/or right ends of the h u m a n DNA inserts in several YACs (detailed in Table 1 ) and proved instrumental in confirming YAC overlaps and integrity. Of the 10 total YAC insert terminals isolated, two proved to derive from regions other than Xp11.23 on somatic cell hybrid analysis; 34AC5LA maps to distal Xp and C01160LA maps to chromosome 6, indicating that these YACs are chimeric. FASTA data-base identity searches detected matches for two YAC insert terminals with gene sequences:
4HG2LA lies within exon 2 of the SYN1 gene, Figure 2 YAC contig encompassing the RP2 proximal flanking marker, DXS6616, and adjacent markers in Xpl 1.23 (not to scale). The horizontal line with bidirectional arrows represents the chromosome, with STSs above in the order determined by YAC content. Where two STSs proved inseparable, they are assigned to a single position. The approximate position of the OATL1 pseudogene cluster is indicated by the broken horizontal line (Nelson et al. 1995) . The bold horizontal lines represent YACs with sizes given where known. All YACs are derived from the ICI YAC library (Anand et al. 1990 ) except ICRFy900C1022 and ICRFy900C01160 (Larin et al. 1991) . A filled rectangle at the end of a YAC indicates a terminal sequence STS that maps to overlapping YACs in the contig. A hatched box at the end of a YAC depicts a terminal sequence STS that does not derive from this region of Xpl 1.23. The asterisk denotes the map position of a new EST in Xpl 1.23, corresponding to 34AC5RA (see text). Vertical broken lines show the positions of STSs in YAC clones, with a solid circle indicating a verified positive. Based on the most parsimonious STS order, YAC 34AC5 appears to harbor an internal deletion for MG81 (indicated by parentheses). The shaded bar denotes the region of the contig contained within the newly defined RP2 critical interval. The new proximal flanking marker for RP2, DXS6616, is underscored, and the retinally expressed cDNAs thereby excluded from a role in the disease are in boldface.
anchoring this end of the YAC firmly in Xpl 1.23, whereas 34AC5RA showed 99.5% identity over 210 bp to a human infant brain cDNA [Integrated Molecular Analysis of Genomes and their Expression (IMAGE) Consortium; expressed sequence tag (EST) accession no. H09726] or 99% identity over 209 bp to a human placental cDNA (IMAGE Consortium; EST accession no. N41839) for forward and reverse strands, respectively. This result suggests that these cDNAs are identical, and maps a new EST (expressed in brain and placenta) to the physical map of Xp11.23 (Fig. 2) .
The contig comprises 18 YACs and encompasses 30 markers including 11 microsatellites, 10 gene/ESTs and eight new STSs derived from YAC insert terminals, to give a STS density of -1 every 40 kb. Key markers (e.g., F0701LA, DXS6849, and DXS6950) and two YACs, ICRFy900C1022 (SYN1) a n d I C R F y 9 0 0 C 0 1 1 6 0 (2bC6), have been included to allow integration with other partial YAC contigs a l r e a d y e x i s t i n g f o r Xp11.23 ; H a g e m a n n et al. 1994; Knight et al. 1994; Fisher et al. 1995; Kwan et al. 1995) , which reflect the interest in this gene-rich region of Xp, to w h i c h many genetic diseases have been mapped (Nelson et al. 1995) . The depth of the contig permitted physical ordering of most STSs/ESTs assigned to the contig, as shown in Figure 2 . The order so derived is as follows: 
GATA1
Gene 3'UTR ACAGAGCATGGCCTCCAGAG 62 112 DXS9855E AG CT1-FGAAG G1-FCAAG C CAG G
MG21
Gene 3'UTR AI-I-AI-I-GTCTGCGCTGACCCAGTCA 62 323 DXS9867E CTGCGTCCGAAACTGTGGAAACG1-F
MG44
Gene 3'UTR TGAGGCTGGTTTCTGCTCGTGC1-FA 62 494 DXS9868E TAGATCTTG GI-I-CCAG CTCTGAGTG
MG61
Gene 3'UTR ATCTGTGGACCCTCATAACCCTCTT 62 252 DXS9869E GGATCTCCCC1-FCTCGT1-FCCCCAA
MG81
Gene 3 (Knight et al. 1994; Carrel et al. 1996) . In contrast to the report of Knight et al. (1994) , repeated testing in our laboratory has confirmed YAC ICRFy900C1022 to be positive for DXS1004E. The additional presence of DXS1004E in ICI YACs 3EB3, 24GH5 and 31AG10 which overlap C1022, positions ZNF41 proximal to ELK1, and distal to DXS6616.
The physical ordering and orientation of the retinal cDNAs MG21, MG44, MG61, and MG81 on our contig is in agreement with that depicted on the recently published physical map of Boycott et al. (1996) . Although orders could not be established between all pairs of markers, our physical mapping data demonstrates clearly that DXS6616, the new proximal flanking marker for RP2, lies distal to retinally expressed genes MG21, MG44, MG61, and MG81.
DISCUSSION
XLRP is a progressive degenerative disease of the retina that is clinically and genetically heterogeneous. In this study we performed haplotype analysis in two XLRP families with 20 polymorphic microsatellite markers spanning the critical region for the most prevalent forms RP3 and RP2
(Xp21.1-Xpi 1.22). Analysis of newly positioned markers in recombinant individuals from these families has enabled us to define new proximal and distal boundaries for the RP2 gene critical
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Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genome.cshlp.org Downloaded from interval and reduce significantly its size. The new flanking markers in family NRP are MAOB (Xp11.3) and DXS6616 (Xp11.23), whereas those in family F72 are DX58083 (Xp11.3-11.23) and DXS6941 (Xp11.23). Taken together, assuming the defective gene is the same in both families, this data suggests a refined RP2 interval flanked by DXS8083 and DXS6616 on proximal Xp, spanning -4-5 CM. Positional cloning efforts can now be directed at this greatly reduced interval, facilitating the search for an RP2 candidate gene. In the event that these two families are segregating different loci, microheterogeneity within this interval may only become evident once the disease gene for one of these families has been cloned.
Genetic heterogeneity is evident in many inherited retinal degenerations, reflecting the eye's limited repertoire of responses to a variety of genetic lesions. Another emerging pattern in ophthalmic genetics is that of "gene sharing" (allelism) in which different mutations within the same gene can cause clinically distinct ocular diseases. Two forms of autosomal congenital stationary night blindness (CSNB) have been shown to be allelic to RP: Both CSNB and RP can result from mutations in (1) the rhodopsin gene (Dryja et al. 1993; Rao et al. 1994) ; and (2) the gene encoding the [3-subunit of the rod cGMP phosphodiesterase (Gal et al. 1994 ). The refinement of the RP2 critical interval described here may have significant implications for the localization of other inherited X-linked retinal disorders that have overlapping map locations in Xp11.3-Xp11.22 and which may be allelic to RP2 that is, CSNBX (Aldred et al. 1992; Bech-Hansen et al. 1992; Berger et al. 1995) and X-linked progressive cone dystrophy (Hong et al. 1994; Meire et al. 1994) .
The identification of DXS6616 as the new proximal flanking marker for RP2 has also enabled us to exclude several genes as potential candidates for this disorder. Four retinally expressed genes have been mapped to the OATL1 region in Xp11.23 by direct selection using an OATL1 YAC to screen a retinal cDNA library (Geraghty et al. 1993) . We have positioned and ordered these genes with respect to DXS6616 on a 1.2-Mb YAC contig spanning the RP2 proximal boundary and show that DXS6616 lies distal to this cluster of retinally expressed genes, thereby excluding them from involvement in RP2. With an STS density of -1 every 40 kb, including seven novel STSs and a newly mapped EST, this contig signifi-cantly adds to the available maps of Xp11.23. Furthermore, the contig presented here is comprised primarily of YACs from the ICI 4X library (Anand et al. 1990 ), 15 of which have not previously been reported, and therefore provides a useful, alternative resource for more detailed analysis of this region of Xp11.23, well noted for its region-specific instability in YACs Fisher et al. 1995; Boycott et al. 1996) .
The refined RP2 interval is known to be extremely gene-rich, consistent with a cytogenetic Giemsa light band. Genes known to lie in this interval include ZNF21, ZNF41, ZNF81, ELK1, and the (PFC-SYN1-TIMP1-ARAF1) gene cluster in Xp11.23 (Nelson et al. 1995) and several CpG islands have been identified that correspond to as yet unknown genes ). None of the known genes would appear to be strong candidates for RP2 on considering the etiology of the disease, although the recent discovery that mutations in the TIMP3 gene cause Sorsby's fundus dystrophy (Weber et al. 1994 ), a macular degeneration, has led us to investigate TIMP1 for a causal role in RP2 (A.J. Hardcastle, D.L. Thiselton, M. Nayudu, R.M. Hampson, and S.S. Bhattacharya, in prep.) . Recently, other genes have recently been mapped close to UBE1 in Xp11.3: PCTK1, DXS8237E, and ZNF157 (Nelson et al. 1995; Carrel et al. 1996) . A UBEl-associated microsatellite, DXS7124 (Coleman et al. 1996) , has been positioned proximal to DXS8083 by genetic analysis of a mini "meiotic breakpoint panel" (Gerken et al. 1995) comprising defined recombinants from XLRP families in our laboratory, and therefore falls within the RP2 critical region (data not shown). Unfortunately, DXS7124 is not informative in family F72, therefore possible involvement of these genes in RP2 remains open and is being addressed.
In addition to the meiotic breakpoint panel, we are currently employing a variety of resources to physically map and order genes and markers in the RP2 critical interval flanked by DXS6616 and DXS8083. This combination of genetic and physical mapping methods will enable us to further define the location of the defective gene.
METHODS
Subjects and Samples
Two families are presented: family NRP from the USA, comprising four generations with DNA for nine affected males and eight obligate carrier females, and family F72 from Belgium, comprising three generations with DNA for four affected males and two obligate carrier females. A diagnosis of XLRP was based on detailed family history and comprehensive ophthalmological tests including fundus examination, visual field assessment, fluorescein angiography, and electroretinogram (ERG) measurements. DNA extraction from peripheral whole blood was performed using the Nucleon II kit (Scotlab).
Detection of Microsatellite Polymorphisms
The forward primer for each microsatellite was end-labeled with [~/-32p]ATP by incubating the primer at 37~ for 45 rain with T4 polynucleotide kinase (New England Biolabs). The dinucleotide repeats were then amplified from 100 ng of genomic DNA as described previously (Thiselton et al. 1995) . Alleles were detected by electrophoresing the PCR products on 6% denaturing polyacrylamide gels (Promega), followed by exposure to X-ray film. Specific primer details and PCR conditions for each microsatellite can be obtained from GDB (1995).
Haplotype Analysis
Nineteen microsatellite markers spanning -25 cM from Xp21.1 to Xp11.22 (Fain et al. 1995; Thiselton et al. 1995) were used to generate haplotypes for all sampled individuals. From Xp21.1 to Xp11.22 the order of markers is known: (Nelson et al. 1995; Dib et al. 1996) . Haplotypes were constructed assuming the minimal number of recombination events.
Construction of a YAC Contig Spanning the RP2 Proximal Boundary in Xpll.23
Sources of Initial STSs and ESTs
Details of STSs corresponding to genetic markers (SYN1, PFC, DXS426, DXS1367, DXS6616, DXS6941, DXS722, DXS 1126, and DXS 1240) and expressed sequences TIMP-1, DXSIOO4E (ZNF41), and DXS1011E may be obtained from GDB (1995) . Primer pairs for microsatellite DXS6941 were kindly provided by A. Meindl (Kinderpoliklinik der Universitat Munchen, Germany). Published sequence information for other genes assigned to the region was used to design EST markers from the 3' untranslated regions (GATA1, MG21, MG44, MG61, and MG81) and these are described in Table 1 . STSs for genes ELK1 and ZNF81 were as reported previously Knight et al. 1994 ).
Identification and Initial Characterization of YACs
YACs were identified for a STS or EST marker by PCR-based screening of hierarchical pools of clones from the ICI 4X YAC library (Anand et al. 1990 ). Intact DNA from each positive clone was prepared in agarose plugs and analysed by PCR to verify STS/EST content, and by pulsed-field gel GENETIC AND PHYSICAL MAPPING OF THE RP2 LOCUS electrophoresis (PFGE) (CHEF DRII; Bio-Rad) to assess the size and purity of the YACs present. PFGE conditions were run time 17-22 hr, 5 V/cm, with a pulse time ramped from 60-90 sec in 0.5 • TBE at 14~ YAC sizes were estimated by comparison with yeast chromosome size standards (Bio-Rad) on 1% agarose gels by visual inspection after staining the gel with ethidium bromide. If no distinct YAC was visible, Hybond N+ (Amersham) blots were prepared from acid-nicked gels by Southern transfer (Sambrook et al. 1989 ) and hybridized at 65~ overnight with [e~-32P]CTP-labeled total human DNA. The contig was supplemented with YACs for markers SYN1 and 2bC6 (DXS226) from the ICRF YAC library (Larin et al. 1991) through the ICRF Reference Library Database.
Creation of YAC Insert-end STSs
YAC insert ends were isolated by two methods: ALU-vector PCR using human-specific ALU primers ALE1 (5'-GCCTCCCAAAGTGCTGGGATTACAG-3') or ALE3 ( 5'-CCAT/CTGCACTCCAGCCTGGG-3') and primers specific for the left and right arms of the pYAC4 vector (LA 5'-CACCCGTTCTCGGAGCACTGTCCGACCGC-3'; RA 5'-ATATAGGCGCCAGCAACCGCACCTGTGGC-3'), or Vectorette PCR (Riley et al. 1990 ), using restriction enzymes PvulI, DraI, and EcoRV with 6-bp recognition sequences, which were found generally to yield large insert terminal PCR products. PCR products were purified and sequenced directly using an internal Vectorette unit primer or pYAC4 primer (LA 5'-GTTGGTTTAAGGCGCAAG-3'; RA 5'-GTCGAACGCCCGATCTCAA-3'). End-fragment sequences were subjected to FASTA data-base identity searches before PCR primer design. The new STSs developed from YAC insert ends were tested against a pair of somatic cell hybrids containing portions of the X chromosome as their only human component; Kag 2.3 (Xp21.1-Xqter) and Sin 176 (deleted for Xp22.1-Xpll.22; Lafreniere et al. 1991) to provide an initial indication that they derived from proximal Xp.
YAC Contig Construction by STS-content Mapping
The YAC contig was constructed by determining the STS content of each YAC and therefore establishing overlaps between clones. The orientation of the contig was deduced from the known order of genetic markers mapping to the contig, that is, Xpter-PFC-DXS426-DXS722-DXS1126-Xcen (Nelson et al. 1995) .
